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SUMMARY 


Measurements of the drag-angle oscillation of a helicopter rotor 
were made with the Langley helicopter apparatus to determine "both the 
natural frequencies and the damping required to prevent excessive drag- 
angle-oscillation response to various throttle and control movements . 

There are two types of drag-angle oscillations: symmetrical oscil- 

lations in which all "blades lag and advance together and unsymmetrical 
oscillations in which the Blades are out of phase with each other. The 
symmetrical type was induced "by a main-pitch oscillation or a throttle 
oscillation at a frequency considerably Below shaft speed, and the 
unsymmetrical type was induced By a cyclic-pitch oscillation at a 
frequency near that of shaft speed. 

The results show that the engine and gear-Box inertias and the shaft 
torsional stiffness are factors influencing the frequency of the sym- 
metrical drag-hinge oscillations, and the experimental results show good 
agreement with the theory used. The unsymmetrical drag-hinge-oscillation 
frequency is apparently unaffected By the engine and gear-Box inertia and 
the shaft torsional stiffness But is influenced By the pylon Bending 
stiffness, and the experimental results show fair agreement with the pre- 
dicted values, s 

A calculation of the damping required in the drag-hinge dampers for 
the symmetrical case shows that the damping should Be approximately 
35 percent of the critical. The results further indicate care should Be 
exercised to ascertain that no regular disturbing forces are present in 
the helicopter - such as a hunting pitch or throttle governor or a hunting 
automatic pilot - with frequencies near those of the resonant conditions. 


INTRODUCTION 


The question has Been raised as to the possibility of exciting drag- 
hinge oscillations. By throttle or pitch manipulations, in helicopter 
rotors with the usual hinged-Blade construction. The ability to predict 
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the natural frequency of the in- plane motion is essential in rotor- stress 
calculations, vibration analysis, and rational design of the rotor hub, 
specifically the drag damper. The object of this research is the determi- 
nation of the natural frequencies of the drag-hinge oscillation and the 
damping required to prevent excessive response to various throttle and 
control movements . 

Unsymmetrical whirling modes, response to forced lateral vibration 
of the pylon, and instabilities are discussed in reference 1. However, 
symmetrical modes', those induced by torque oscillations either aerodynamic 
or engine, in general have not been considered for helicopters before. 

The method of analysis for the symmetrical oscillations used in this 
investigation is based to a large extent on the work presented in refer- 
ence 2, in which the effect of engine Inertia and drive- shaft tor- 
sional stiffness on the symmetrical oscillations of a hinged propeller 
blade was considered. This method is particularly suitable for deter- 
mination of the natural frequencies of hinged helicopter rotor blades 
for symmetrical oscillation. A method of estimating the required drag 
damping for this type of oscillation, which is given in reference 3; 
is also included. 

A test program was inaugurated to obtain data on helicopter in- plane 
blade motion due to throttle, main-pitch, and cyclic -pitch oscillations. 
Results of these tests are presented for selected conditions and compared 
with the theories of references 1 and 2. These tests were conducted on 
the helicopter tower of the Langley helicopter apparatus. 


SYMBOLS 


b 

R 

r 


number of blades per rotor 
blade radius, feet 

radial distance to blade element, feet 
blade section chord, feet 


equivalent blade chord, feet 


rotor solidity ^bc e /rtR^) 
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d 


e 

l 


“b 

“p 

M 


a 

1 


T 5 

t 6 


k 

K 

n 


radius of gyration of a "blade about the vertical-pin 
axis, inches 

distance from axis of rotation to vertical- pin axis, inches 


distance from vertical-pin axis to center of gravity of 
"blade, inches 


radius of gyration of a "blade about its center of mass, inches 
blade mass (one blade), pound- seconds 2 per inch 

effective mass of rotor hub and pylon, pound-seconds 2 per inch 


combined mass of blades, rotor hub, and pylon, pound- sec onds £ 
per inch Ql = bm^ + m^ 


mass ratio 


bm> 


,»p + b»b 


moment of inertia for one blade about vertical pin, 

2 

pound-inch- seconds 


combined blade mass moment of inertia about vertical pin 

2 

for all blades, pound- inch- seconds 

combined blade masB moment of inertia about blade center of 
gravity, including assembly inboard to the vertical-pin 
axis, pound- inch- seconds 2 

p 

engine inertia, pound- inch- seconds 

2 

gear-box and shaft inertia, pound- inch- seconds 


combined gear-box and shaft and effective engine polar 
moment of inertia of rotating and reciprocating parts, 

pound- inch- seconds^ = n^ + 1^ 

drive-shaft torsional stiffness, pound-inches per radian 
pylon bending stiffness, pounds per inch 
gear ratio of engine to rotor shaft 


damping coefficient, pound-foot- seconds per radian 


C 
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C cr critical damping coefficient, pound- foot-seconds per radian 

o> drag-oscillation angular frequency, radians per second 

co n drag-oscillation natural frequency, radians per second 

CD f whirling frequency of the unbalanced side forces, 

radians per second 

Q rotor- shaft torque, pound- feet 

ft rotor angular Telocity, radians per second 

£ drag-angle oscillation amplitude, degrees 

£ £ drag-angle movement for a given static pitch change, degrees 



DESCRIPTION OP ROTOR AND DRIVE ASSEMBLY 


A three-blade rotor representative of a helicopter weighing 
2500 pounds was used in this investigation. The blades are plywood- 

covered and have NACA 23015 airfoil sections, a linear washout of 8°, 
and a solidity of 0.042. 

A summary of the pertinent rotor and drive-assembly characteristics 
is as follows: 
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Rotor-Made characteristics; • 

Blade radius, feet . . 19 

Blade twist, degrees •. -8 

Solidity, a 0 .042 

Blade area (total, three Blades), square feet 46.3 

Blade section . . NACA 23OI5 

Blade weight (one "blade including drag-hinge 

assembly), pounds ..................... 82-5 

Blade moment of inertia (total, three "blades) about 

vertical-pin axis, I 2 pound-inch-seconds ......... 5760 

Blade moment of inertia (total, three blades) about 

p 

their center of gravity, I^, pound- inch- seconds ...... 2690 

Blade center- of- gravity location from vertical-pin 

axis, inches ........................ 69 .1 

"Vertical -pin-axis location from center of rotation, e, 

inches ..................... . 9 .08 

Offset of center line of flapping hinge from 

center of rotation ..................... 0 

Blade radiuB of gyration about vertical-pin axis, d, 

inches 9^ 

Blade radius of gyration about its center of gravity, s, 

inches ........................... 64*3 

Combined mass of pylon, blades, and rotor hub, M, 

p 

pound- seconds per inch ..... 0-9 

Drive- shaft and gear-box characteristics; 

Drive- shaft torsional stiffness, k, 

pound-inches per radian 524,000 

Pylon bending stiffness, K, pounds per inch .......... 16,400 

Gear reduction, n 6:1 and 12:1 

2 

Effective moment of inertia of engine, n I^, 

pound- inch-seconds 2 , . n 2 (60) 

Moment of inertia of drive system with 6:1 gear box, 

1^, pound-inch-seconds 2 ......... • 2750 

Moment of inertia of drive system with 6:1 gear box 2 

with reduced 1 5 shaft inertia, pound-inch- seconds ..... 2400 

Moment of inertia of drive system with 12:1 gear box 

with reduced 1^ shaft inertia, pound- inch-seconds 2 ..... 2400 

Damper characteristics: 

Oil in damper, no bypass (unmodified), 

pound-foot-seconds per radian ................ 938 

Oil in damper, 0 .050- inch bypass, 

pound- foot -seconds per radian . . . 693 

Oil in damper, 0 .125 -inch bypass , 

pound- foot- sec ondB per radian ................ 122 

No oil in damper, pound-foot-seconds per radian ........ Near 0 
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DTSTRIIMENTATION AND TEST METHODS 


Quantities measured during tests included the following: Rotor 

angular velocity, rotor- shaft torque, rotor thrust, blade pitch angle, 
blade drag angle, blade flapping angle, side forces, and cyclic pitch. 

All the data were obtained with a recording oscillograph so that 
the frequency and amplitude could be easily measured . Rotor angular 
velocity was obtained by a breaker installed on the shaft and leading to 
one of the oscillograph circuits. Rotor-shaft torque was measured by 
electric strain gages, as was the rotor thrust. Blade pitch angle, drag 
angle, flapping angle, and swash-plate position were measured by poten- 
tiometer control-position transmitters. A complete description of the 
recording system is contained in reference k. 

The drag-hinge dampers are used to minimize and nullify disturbances 
in the plane of rotation. The dampers were filled with hydraulic damper 
oil to approximate viscous damping, that is, a damping force directly 
proportional to the velocity. 

Several investigations of the symmetrical oscillations were conducted 
with varying amounts of damping and were begun with the damper in its 
original form and then by varying the oil bypass to a final no-oil 
damping condition. The mean geometric pitch angle for these tests was 

adjusted to 2° and to 12 .5°, on which was superimposed a sinusoidal- 
oscillation main pitch of ±1°. Tests were conducted for the most part 
at a main-pitch angle of 12.5°. The investigation conducted at a main- 
pitch angle of 2° was discontinued inasmuch as the magnitude of the 
torque, the drag, and the other related oscillations measured was small 
and, therefore, made accurate measurement difficult. The oscillation 
was produced by an electric motor driving a system of gears and control 
links. Various rates of main-pitch oscillation were attained by changing 
the speed of the electric motor with a Variac . 

Investigations were conducted for several representative shaft speeds 
and for three effective engine and gear-box inertias: 

(a) Engine to shaft 6:1 gear reduction 

(b) Engine to Bhaft 6:1 gear reduction with reduced shaft inertia 

(c) Engine to shaft 12:1 gear reduction with reduced shaft inertia 

Tests- were also conducted with the 6:1 gear-reduction condition to 
determine the effect of engine throttle oscillation on the drag-hinge 
movement . 
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The effect of cyclic-pitch oscillations was also investigated. 

During these tests the main pitch waB set at a geometric pitch of 12.5° 
and the swash plate was given a sinusoidal oscillation producing a cyclic - 
pitch variation of ±1.5°. 


ANALYSIS 


The method of analysis is, for convenience, divided into three 
sections*. The first section predicts the frequency of the symmetrical 
drag-angle oscillation, which is the one caused ty main-pitch or throttle 
oscillation. The second section predicts the frequency of the unsym- 
metrical drag-angle oscillation, which is the one caused by cyclic-pitch 
oscillation. The third section deals with the damping required to prevent 
excessive response of the symmetrical oscillations. The methods of deter- 
mining the physical constants used in this analysis are given in the 
appendix . 


Symmetrical Oscillations 

Most prior investigations have dealt with the unsymmetrical type of 
drag-hinge oscillations in which the shaft torsional stiffness and engine 
inertia have no effect. For the case of symmetrical oscillations of the 
drag hinge, however, the engine and gear-hox inertia and shaft torsional 
stiffness, as well as the offset of the drag hinge from the center line of 
rotation, must be considered (reference 2) in calculating the natural 
frequency. The natural frequency is obtained by solving the quadratic 

- c-L^t] 2 + Cgtg 2 )^ 2 + c-jt^t/ = 0 (1) 

where t^ is the frequency of engine and gear box against the shaft 
stiffness and 




= bm-^ZeU 


H + J 3 + + e) 2 

+ brn^l 2 ^ + I^bm^e 2 


C 1 = 
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I 3 + bn^ ( l + e) 2 

I 6 + I 3 + bm b ( l + e ) 2 


Equation (l) yields two pairs of natural frequencies. The higher frequency 
is predominantly that of the engine -hub system whereas the lower frequency 
is predominantly that of the hub-blade system- The lower frequency is 
investigated in this paper and the result is expressed as a ratio of the 
shaft angular velocity to the drag-angle frequency 0, /o> n , although this 

ratio will change slightly with different shaft speeds- 


Unsymmetrical Oscillations 

The cyclic -pitch oscillation introduces a different type of drag 
oscillation than does the oscillation of the throttle or main pitch in 
that there is no apparent variation of the net torque or rotor speed. 
However, large side forceB are present at a cyclic -pitch-oscillation rate 
near that of the Bhaft speed. In thiB phenomenon, no net torque or speed 
variation is considered to be present because each blade executes its 
own oscillation in such a manner that the lag of one blade compensates 
for the advance of the next blade and the large side forces are due to 
rotor unbalance caused by unsymmetrical blade displacements. 

Since, for the case of unsymmetrical drag-hinge oscillations caused 
by movement of the cyclic pitch, no apparent variation in the net torque 
or rotor speed was noted, the effective engine inertia and the shaft 
torsional stiffness have no effect and may be considered as infinite . If 
thiB assumption is used, the frequency of the drag-hinge oscillation can 
be determined by the method of reference 2 for the case of infinite pylon 
bending stiffness by solving the equation 


V 

7 ^* 


bm-jjle 


1-^ ^ brn^Z 


( 2 ) 


which is a special case of equation ( 1 ) . 

The cases for which the pylon bending stiffness is not infinite are 
discussed in reference 1 , which presents a theoretical analysis for calcu- 
lating the resonant frequency of the side forces due to unsymmetrical 
drag-hinge displacement. This resonant side-force frequency is called 
the whirling frequency. 
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For any given rotor, these whirling frequencies may he calcu- 

lated for the case of no damping and isotropic supports by the equation 


K 

M 


CDf 






(3) 


The difference between the rotor speed and the whirling speed is the 
rate of progression of the unbalance around the center of rotation. This 
is also the frequency of the drag-hinge unsymmetrical oscillations . 
Equations (2) and (3) are seen to yield essentially the same resuit by 
the use of a value of infinity for the pylon bending stiffness . The pylon 
stiffness of an actual helicopter, however, is generally low; therefore, 
the method of reference 1 must be used. 


Blade Damping 

The section entitled '’Symmetrical Oscillations'’ indicates that the 
rotor hub does not rotate with uniform velocity but oscillates during 
blade vibration. The motion of the engine as well as the blades, there- 
fore, had to be taken into account in order to calculate the frequencies 
of the symmetrical oscillations accurately. Similarly, the oscillation 
amplitude and the damping of the entire system should be considered in 
order to make an accurate determination of the damping. However, since 
there are various sources of damping, such as engine damping, which can- 
not readily be determined accurately, the calculation of the air damping 
does not warrant the consideration of the motion of the entire system. 

For simplicity, in the present air- and critical-damping analysis, the hub 
is assumed to rotate with uniform velocity and all the vibration energy 
of the system appears in the blade. The blade is considered a rigid body 
having a single degree of freedom oscillating about the drag hinge . The 
engine and gear box do oscillate, however, and their friction contributes 
appreciably to the damping in the system. 

Reference 3 (PP* 38 and 52) shows that, for torsional oscillation, 
the damping constant C is defined as the torque caused by an angular 
speed of rotation of 1 radian per second and the critical damping C cr 

is given as 


Ccr = (4) 

where I is the moment of inertia of a blade about the vertical -pin axis 
and cOq is the natural frequency of the blade about the vertical-pin 

axis. The ratio of C/C cr is called the damping factor and is the ratio 
that determines the amplitude of the response of the blade to a given 
control movement . 
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An estimate of the air clamping may be obtained by referring to 
reference 3 (p* 26l) . For any given rotor and blade -pitch -angle setting, 
the steady-state relation between the torque and rotational speed is 
expressed by 

p 

Q = Constant x ft 

and the air damping for any particular speed is given as twice the slope 
of this curve at that speed: 


c air 



Friction damping of the drag-hinge oscillations is caused by gear 
and bearing friction and hysteresis losses in the rotor head and drive 
assembly . The amount of damping due to these losses is not easily calcu- 
lated and varies with each installation. Usual practice is to allow an 
empirical value that makes the calculated results coincide with the 
measured values (reference 3, p ♦ 26 k ) . 


RESULTS AND DISCUSSION 


For convenience the results and discussion are divided into four 
sections - the first section pertaining to the symmetrical drag-hinge 
oscillations, the second section pertaining to the unsymmetrical drag- 
hinge oscillations, the third section pertaining to the damping required 
to prevent excessive response of the symmetrical drag-hinge oscillation, 
and the fourth section pertaining to a general discussion of the problem. 


Symmetrical Oscillations 

Figure 1 shows a typical record of a resonant condition of the sym- 
metrical drag-hinge oscillations. This record shows that the resonant 
condition of the drag angle due to the throttle or main-pitch oscillations 
is accompanied by large periodic variations of the rotor torque and speed 
at the same frequency as the drag-angle motion and is usually excited at 
a main-pitch-oscillation speed considerably slower than shaft speed. 

A summary of the data obtained with the various damping rates and 
effective engine and gear-box inertias at a rotor speed of approxi- 
mately 220 rpm is presented in table I. These values are plotted in 
figures 2 to 4 . Figure 2 shows a typical resonant diagram for the various 
damping conditions with an effective engine and gear-box inertia of 
approximately 4910 pound-inch-seconds^ . Figure 3 shows a resonant curve 
with only air and friction damping for an effective engine inertia of 

4560 pound- inch- seconds , and figure 4 is the resonant diagram with the 
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same damping "but with an effective engine and gear-tox inertia of approxi- 
mately 11,000 pound- inch-seconds^. With an effective engine and gear-box 
inertia of approximately 11,000 pound-inch- seconds 2 , the ratio of the 
drive- shaft angular frequency to the drag- oscillation frequency is 3.70. 

A reduction of the inertias to approximately 4910 pound- inch- seconds 2 
reduces the frequency ratio to 2.85. A further reduction of the inertias 

to about 4560 pound- inch- seconds 2 reduces the frequency ratio to about 2.7 


Figure 5 shows the agreement between the frequency ratios measured 
and the theoretical curve calculated from equation (l) for the various 
amounts of effective engine and gear-box inertias and a shaft speed of 
23 radians per second. This figure also indicates that the effective 
engine and gear-box inertias are a definite factor affecting the natural 
frequency of the 1 symmetrical drag-hinge oscillations due to main-pitch or 
throttle oscillations and must be considered in computing the frequency 
of these oscillations. The ratio of the shaft angular velocity to the 
drag-angle frequency changes only slightly with large changes in shaft 
angular velocity; for example, at an effective engine and gear-box inertia 

of 4910 pound- inch-Beconds 2 , a change from an angular velocity of 
23 radians per second to 27 radians per second yields a change in ft/cu^ 

of 2 .96 to 3 .16 . The constants used in calculating the theoretical curve 
for the configuration tested were as follows: k = 524,000 pound- inches 


per radian, bm-^ = gg - 
ft = 23 radians per second, and 


= ^ = 0.642, l *69.1 inches, e = 9.08 inches, 

2 

= 2690 pound- inch- seconds . 


The magnitude of the torque oscillations superimposed upon the steady 
state running torque is also of interest. The amplitude of this oscil- 
lating torque for the symmetrical drag-hinge oscillations caused by oscil- 
lating throttle or control movements can be approximately determined by 
multiplying the steady- state running- torque change due to a given throttle 
or main-pitch movement by the drag-angle amplification factor. 

The higher frequency from equation (l) is usually too high to be 
excited by a pitch oscillation but may possibly be excited by torque 
oscillations caused by engine cylinder firing. For the case considered, 
the higher frequency is of the order of l8o radians per second; whereas 
the lower frequency is only approximately 7°3 radians per second. 


Unsymmetrical Oscillations 

Figures 6 and 7 show two typical records of the resonant condition 
of the unsymmetrical drag-hinge oscillations. These records show that 
two resonant conditions exist, one excited by a cyclic-pitch oscillation 
below shaft speed (fig. 6) and one excited by a cyclic-pitch oscillation 
above shaft speed (fig. 7) . These figures also show that this resonant 
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condition is accompanied by rotor mass unbalance with the same frequency 
as the cyclic-pitch motion and results in large side forces, hut no 
apparent periodic variation in the rotor speed or net rotor torque exists. 
The experimental values of the unsymmetrical drag-angle frequencies yield 
values of fi/o^ of approximately 5. 


A summary of the data obtained for one representative condition is 
presented in table II. These values are plotted in figure 8 and show the 
two resonant frequencies, one at 0.8l of rotor speed and the other at 1.2 
of the rotor speed. For the configuration tested, the amplitude of the 
side forces present for the case of a cyclic-pitch oscillation of ±1.5° 
and at a rate faster than the shaft speed was of the order of 1550 pounds. 
These side forces are not seen in the records of the symmetrical drag- 
hinge oscillations since in this case all the blades lag and advance 
simultaneously. For the unsymmetrical case in which each blade executes 
its own oscillation, however, a large rotor unbalance (side force) due to 
the unsymmetrical blade displacements occurs . Also, no apparent net- 
torque or rotor- speed variation occurs because the blades move in such a 
manner that the lag of one blade compensates for the advance of the next . 


The resonant frequency of these unbalanced side forces is called the 
whirling speed tD|> in reference 1 and can be calculated by using the theory 


presented therein. Figure 9 shows the agreement between the frequencies 


measured and the theoretical curve cal culat ed from reference 1 and also 
shows the effect of static frequency \|k/M on the whirling frequencies, 
where for the present investigation fi = 23 radians per second, - 0 *07, 


- 0.19, M = 0.9, and K is the pylon bending stiffness measured in 

pounds per inch . Four roots of the equation are found; the top and bottom 
curve are predominantly the bending frequency of the shaft, and the two 
center curves are predominantly the frequencies of the blade motion. The 
top and bottom curves have real roots which go to infinity at a value of 


\]k/M of infinity. The sign of the root indicates the sense of rotation 
of the whirling frequency. The other two roots are real for values of 

\j—^ <10, are imaginary for values of \J~j^ between 10 and 39*6, and become 


real again for values of 


\l 


39 -6 • 


The imaginary roots indicate a region 


of self-excited unstable oscillations. The real roots indicate the fre- 
quencies at which stable oscillations may be excited. 


For the roots which are predominantly the blade motions, a value of 
\Jj | > 100 may be regarded as infinite for the purpose of estimating the 

whirling frequency. Lower values of \]k/M yield frequencies which con- 
verge at a point slightly less than the shaft rotational frequency at 

approximately ^ = 39 «6. The experimental points obtained from figure 8 

show whirling frequencies at 1.2 and 0 .81 of the shaft angular velocity. 
These values are plotted in figure 9 and show fair agreement with the 
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theoretical curve (within 10 percent) . In an actual helicopter with a 
fairly low pylon stiff ness, th e roo ts could either he real or imaginary, 
depending upon the values of \/k/M, A^, A^, and ft. For an analysis of 

this problem of the unsymmetrical type of drag-hinge oscillation, refer- 
ence 1 should he UBed. 

The rate of progression of the unbalance about the center of rotation 
is the drag-hinge unsymmetrical natural frequency and is the difference 
between the rotor frequency and the whirling frequency. For this configu- 
ration, the theory of reference 1 indicates a difference of 6 radians 

per second which yieldB a ratio of -^ = 3.83. If equation (2) herein, 

from the theory of reference 2, is used and the engine inertia and pylon 
stiffness are assumed to be infinite, the almost identical result of 

— = 3*8 may be obtained. 
a n 


Blade Damping 

The total damping of the drag-hinge oscillation is composed of three 
parts: (l) air damping, (2) friction damping in bearings, gears, hyster- 

esis losses, and so forth, and (3) blade damping supplied by some external 

mechanism. Each of these is reduced to a ratio of — — since this ratio 

Ocr 

determines the amplitude of the blade response to a given control movement. 

The critical damping torque per blade for the case of symmetrical 
oscillation (equation (4)) is 

C cr = 


= 2 X i 2|2 X T .94 

= 2539 pound-foot- seconds per radian 
The estimated air damping is given by the equation 


c air 



where, for the rotor tested, Q = 3020 foot-poundB and ft = 23 radians 
per second. Therefore, 


Q = 5 -712 2 


dQ 

dft 


2(5. 71) a 


and 
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which gives the air-damping rotor torque as: 
c air = 2 x 2 x 5 -71 x 23 

= 526 pound-foot- Beconds per radian 

or, for each "blade, 

Cair = 175 *3 pound-foot- seconds per radian 

The air- damping factor is 

Cair 
C c r 

or the air damping is approximately 7 percent of the critical. 

The friction damping of the drag-hinge oscillations caused "by gear 
and "bearing friction and hysteresis losses in the rotor head and drive 
assembly is not easily calculated and will vary with each installation. 
Usual practice is to allow an empirical value that makes the calculated 
results coincide with the measured values. As suggested in reference 3 
(p. 2 6 k), this damping value should "be about 10 to 15 percent of the 
critical for the average installation. 

Consider the maximum resonant curve in figure 2 with only air and 
friction damping. The height of this curve at the resonant frequency 
indicates that the damping present is approximately 15 percent of the 
critical value (reference 3, equation (32a)). The air damping for a 
rotor speed of 220 rpm and a main-pitch angle of 12.5° is approxi- 
mately 7 percent of the critical; a friction value of about 8 percent is 
thereby indicated. Inspecting the next lower curve of the same figure, 
which represents the lowest amount of oil damping used (approximately 
4 percent of the critical), shows that the total damping is about 
19 percent of the critical and also indicates that the value for the 
friction damping is about 8 percent. In this paper, an empirical 
value of 10 percent is allowed for friction damping. 

If the symmetrical drag-angle oscillations are to be kept from being 
magnified, a total damping of about 50 percent to 60 percent of the criti- 
cal should be used . If the critical value and the amount of damping 
allowed for air and friction are known, then the external blade dampers 
must supply 30 to 40 percent of the critical . For purposes of calculating 
the required damping; assume 35 percent of the critical. Thus, for the 
blades under consideration, the following damping coefficient is required 
per blade: 
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C = 0.35C cr 
= 0.35 x 2539 

= 888 pound- foot- seconds per radian 


General Discussion 

In general, oscillation of the drag hinge will not occur (with the 
exception of ground resonance) unless some exciting force near the 
whirling speed or near the natural frequency cu^ of the symmetrical 

drag-hinge oscillation is present. Without damping, the rotor blade is 
very sensitive to disturbances in the plane of rotation and a pilot can, 
by small throttle or control movements, induce large drag-angle oscil- 
lations that might result in blade failure . 

Another source of induced drag-angle oscillation is a hunting pitch 
or throttle governor or a hunting automatic pilot. Care should be taken 
to Bee that the natural frequency of contemplated governors or automatic 
pilots does not coincide with either of the two resonant conditions. 


Damping of the unsymmetrical oscillation is not included in this 
paper, but apparently experimental verification of the damping factors 
given in reference 1 is a field for further research. 


CONCLUSIONS 


The natural frequencies and amplitudes of helicopter rotor-blade 
oscillations about the drag hinge were experimentally determined with the 
Langley helicopter apparatus (helicopter tower) by the use of several 
effective engine and gear-box inertias and various blade-damper settings . 
The experimental results have been compared with the available theory 
and, on the basis of the configuration tested, the following conclusions 
may be drawn: 

Ip There are two types of oscillations of the rotor blade about the 
drag hinge: symmetrical and unsymmetrical. The symmetrical types were 

induced by a throttle or main-pitch oscillation at a frequency consider- 
ably below shaft speed. The unsymmetrical types were induced by a cyclic- 
pitch oscillation at a frequency near that of shaft speed. 

2. The engine and gear-box inertia and shaft torsional stiffness are 
factors affecting the frequency of the symmetrical drag-hinge oscillations 
The theory used in this analysis takes these factors into consideration 
and the experimental results show good agreement with the predicted values 
This type of drag oscillation is characterized by large torque and rotor- 
speed oscillations along with the drag-angle motion. 
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3» The assumption of constant rotor speed is apparently valid in 
determining the whirling and natural drag- hinge frequencies of the unsym- 
metrical "blade oscillation caused "by periodic cyclic-pitch movements. 

For infinite pylon stiffness, the two theories presented predict approxi- 
mately the same results "but yield natural unsymmetrical drag-hinge fre- 
quencies somewhat higher than those determined experimentally. The dis- 
crepancy of the drag-angle frequency itself is rather large, "but the dis- 
crepancy in the whirling frequency, which determines the drag- angle fre- 
quency and which is the one that must "be avoided, is only of the order 
of 10 percent and is considered in fair agreement. This type of drag- 
angle movement is characterized "by large oscillating side forces, "but no 
apparent rotor- speed or net- torque variation exists. 

4. The drag- hinge damping added to the system to prevent resonance 
caused "by main-pitch or throttle movements should "be approximately 35 per- 
cent of the calculated critical. 

5- Care should "be exercised in the design of the helicopter to ascer- 
tain that no regular disturbing forces are present - such as a hunting 
pitch or throttle governor or a hunting automatic pilot - with frequencies 
near those of the resonant conditions. 


Langley Aeronautical Laboratory 

Rational Advisory Committee for Aeronautics 

Langley Air Force Base, Va. , March 8, 1949 
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APPENDIX 

DETEEMIWATIOTT OF PHYSICAL CONSTANTS 


Blade moment of inertia was determined "by suspending the Blade from 
its vertical-pin axis, swinging the Blade, and determining the time of a 
single oscillation in seconds. If the Blade constants and the time for 
a single oscillation are known, the moment of inertia is then given By 
the formula 

rn^gt 2 


where g is the gravitational constant and t is the time for one-half 
cycle . 

A similar procedure was used in the determination of the engine and 
gear-Box inertias. A Bar with a weight attached to one end and the other 
end attached to the crankshaft of the engine (or gear-Box shaft) was 
deflected and the time for a single oscillation determined. Making the 
proper corrections for Bar and weight and substituting in the moment-of- 
inertia equation, yield the engine and gear-Box inertias. 

The shaft torsional stiffness (in.-lh/radian) was determined By 
• applying a known torque to one end of the shaft and measuring the angular 
deflection . 

The pylon Bending stiffness was calculated By considering the pylon as 
a cantilever Beam rigidly supported. The stiffness of the pylon can Be 
calculated from its known dimensions By the following formula: 


K = 


3EI C 

L 3 


where L is the length of the pylon, I is the moment of inertia of the 
cross section of the pylon, and E is the modulus of elasticity for the 
material . 

The mass of the pylon was considered as that part of the shaft above 
the top support. This mass was calculated By using the dimensions of the 
shaft. The mass of the rotor head and Blades was determined By weighing. 
The combined mass of Blades, rotor hub, and pylon yielded a value of 
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M „ height 
g 



= 0 »9 pound- seconds^ per inch 


The damping constants for the various oil bypass openings were 
determined by measuring the force necessary to move the damper at several 
different speeds . 
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TABLE II 

SUMMARY OF DATA OBTAINED FOR UNSYMMETRICAL DRAG-ANGLE OSCILLATIONS 
CAUSED BY A SINUSOIDAL OSCILLATION OF THE CYCLIC PITCH 
[Rotor speed, 220 rpmj Blade damper, 0- 125-inch. Bypass] 


SymBol 
(see 
fig. 8 ) 

6 

(deg) 

Side-force 

amplification 

factor 

Shaft speed 

Cyclic -pitch-oscillation speed 

O 

O .98 

1-9 

2.20 


I .95 

5-0 

1 . 60 


3*65 

10. 0 

1.42 


3*65 

11.7 

I .25 


3*70 

12.5 

1.23 


lk. 22 

12.5 

1.23 


4-55 

12.5 

1.23 


4.68 

12.2 

1*17 


3-90 

8.5 

1.12 


3-90 

9.6 

1.08 


3-25 

10.0 

1.04 


3*12 

9.3 

1.04 


— 

8.0 

1.00 


1.95 

9.0 

.98 


3-78 

11 -5 

.92 


4.74 

18. 5 

.88 


4.87 

19.0 

•85 


5.85 

34.6 

.81 


5.00 

19*0 

.80 


2.92 

10.0 

• 75 


1.62 

6-5 

.70 


— 

3-7 

•65 


1.62 

2.5 

.62 


— 

1.0 

3.25 




Figure l.~ Typical oscillograph record of symmetrical drag-angle oscillations caused by main-pitch 

oscillation with no "blade dampers. 
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Figure 5.— Comparison of experimental results with theory of reference 2 for a rotor speed of 220 rpm 

for the case of symmetrical oscillations. 
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Figure Typical oscillograph record of utasyimnetrical drag-angle oscillations with 0. 125-inch bypass 
in -blade damper excited by a cyclic-pitch frequency above shaft speed. 
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"bypass in the "blade damper. 








